Abstract Urban agriculture is growing worldwide with the growth of cities. Urban agriculture represents about 20 % of Cuban agriculture. In Cuba, urban agriculture is institutionalized and organized with ecological principles. For instance, local agriculture enhances food security and decreases the use of nonrenewable fertilizers. However, organic crop production in urban environments is challenging because of intensive plant nutrient requirements and disease incidence. Here, we tested an innovative technology based on plant growth promoters isolated from vermicompost and applied directly to lettuce leaves. We monitored plant metabolism by measuring the activities of nitrate reductase, an enzyme linked to N assimilation, and of phenylalanine ammonia lyase, an enzyme linked to plant defense. The experiment was conducted in the organic urban system in Guines, Cuba. We applied liquid humates at 10, 15, or 20 mg C L −1 once at the seedling stage and again 15 days after transplantation. Our results show that humates at 15 mg C L −1 shortened by 21 days the lettuce production cycle, allowing early harvesting without changing quality while increasing yields expressed as the number of leaves per plant. Humate application also decreased total carbohydrate, increased protein, increased nitrate uptake, and stimulated nitrate reductase and phenylalanine ammonia lyase in lettuce leaves.
Introduction
The transition concept in agroecology refers to rapid and sometimes abrupt reorganization of production models that move forward to new complex systems operating within the confines of older structures. The transition in Cuban industrial agriculture toward a model based on organic and agroecological concepts was driven by reduced availability of petrochemicals after the economic breakdown of the Eurasian socialist block at the beginning of the 1990s. The shift gave rise to an urban agriculture program based mainly on the use of vermicompost as a plant growth substrate (Fig. 1) . Among the main concerns that became apparent in the first years of this agroecological transition, Claro (2001) emphasized increased incidence of pests and plant nutritional disorders that appeared as crops adapted to pure organic resources as fertilizers. In these circumstances, plant biostimulation compounds have great potential as a technology that can speed up crop system adaptation to new agroecological production models .
Vermicompost has been used as growth medium for horticulture because it has a high content of available nutrients and plant growth promoters (Arancon et al. 2004 ) and it effectively replaces other organic substrates produced through environmentally unfriendly peat extraction (Zaller 2007) . Ricci et al. (1995) demonstrated that vermicompost provides P, Ca, Mg, and S at levels equivalent to those in inorganic fertilizers. Moreover, there are good data showing that vermicompost is enriched with humic substances that have the ability to promote plant growth and nutrient uptake (Arancon et al. 2004 ). For example, Rodda et al. (2006) demonstrated that humates isolated from different vermicomposts promoted lettuce root growth, which in turn increased resistance to stress after transplantation. Increased lateral root emergence was followed by enhance on plasma membrane (PM) H + -ATPase activity. This enzyme couples adenosine triphosphate (ATP) hydrolysis to the H + transport mechanism across cell membranes (Sze et al. 1999) . In consequence, the apoplast is acidified and cell walls are loosened, allowing cell elongation in response to internal turgor pressure, thereby favoring increased root growth. Furthermore, activation of PM H + ATPase also improves plant nutrition through enhancement of the electrochemical proton gradient that drives ion transport across cell membranes via secondary transport systems (Morsomme and Boutry 2000) . Thus, the plant growth promotion benefits of humic substances isolated from vermicompost are well documented (Canellas et al. 2002 , Nardi et al. 2009 Aguiar et al. 2013) .
High susceptibility to plant disease is a major challenge for organic urban food production. There are approximately 75 different diseases in lettuce (Lopes and Quezado-Duval 1998) and since the leaves are consumed fresh, disease resistance is essential for successful cultivation. Edwards et al. (2006) reported that plants treated with humates became more resistant to some forms of disease. Schiavon et al. (2010) reported changes in secondary metabolism in maize seedlings treated with humic substances isolated from vermicompost. These authors observed increased activity and expression of phenylalanine ammonia lyase (PAL) following humic acid treatment. This enzyme catalyzes the first step in the phenolic biosynthesis pathway converting phenylalanine to trans-cinnamic acid. Among secondary metabolites, phenolic compounds (e.g., flavonoids and phenylpropanoids) are widely recognized as protective agents against a range of biotic and abiotic stresses (Dixon and Paiva 1995) .
The aim of this work was to evaluate the benefits of the foliar application of humates (isolated from vermicompost) in organic lettuce production within an urban organic production system. Changes induced in foliar metabolism following treatment were monitored and related to shortening of the production cycle and improved leaf formation in treated plants. Reduced space occupancy by crops over time is essential for successful urban organic farming production.
Materials and methods
The field trial was carried out in an organic lettuce production unit operated by the Urban Agriculture Movement in Guines, southern Mayabeque State, Cuba. The cultivar Black Seed Simpson was sown, and germinated plants were cultivated from September to December, a period of the year considered ideal for lettuce cultivation in this location. Lettuces were grown in a bed 40-m long and 1-m wide; plants were spaced at intervals of 0.15 m, and rows were 0.25 m apart. The beds comprised a mixture of soil and cattle manure vermicompost (3:1, v/v); the pH in water was 7.03. We measured an organic carbon content of 306 g kg −1 by dicromatometry (following Fig. 1 General view of the urban agriculture units (a, b) strictly based on ecological principles driven by provision of fertilizer through organic residue recycling and a water use economy by lowcost irrigation system device (c); place where our experiment with humate foliar application on lettuce was carried out (d) Yeomans and Bremner 1988 ; total P content (as P 2 O 5 ), 10.7 g kg −1
; and ash content, 3 %. The C functionality distribution was determined by NMR spectroscopy using solid-state crosspolarization with magic angle spinning (CP-MAS) on samples from humates that had been freeze-dried. The spectra were acquired with a Bruker Avance 500 MHz (Bruker, Karlsruhe, Germany) spectrometer equipped with a 4-mm-wide bore MAS probe operating at 13C and 1H frequencies of 125 and 500 MHz, respectively. The samples (260 mg) were packed into 4-mm zirconia rotors with Kel-F caps and spun at 13± 1 kHz. The spectra were acquired by the ramped-CP/MAS method with linear amplitude variation of the 1H pulse. The measurements were made using a cross-polarization time of 1.0 ms, an acquisition time of 25 ms, a cycle delay of 2 s, and high-power two-pulse phase modulation (TPPM) proton decoupling of 70 kHz. Bruker Topspin 1.3 software (Bruker Biospin) was used to collect and process the spectra. Free induction decays (FIDs) were transformed by applying a 4-k zero filling and a line broadening of 75 Hz. The spectra ( Fig. 2) were area-normalized and integrated in the following 13 C chemical shift intervals: 190-160 ppm (carbonyls of ketones, quinines, aldehydes, and carboxyls), 5 %; 160-140 ppm (phenols and substituted aromatic carbons), 7 %; 140-110 ppm (unsubstituted aromatic carbons and olefinic carbons), 20 %; 110-95 ppm (anomeric carbons), 6 %; 65-95 ppm (O-alkyl systems, such as alcohols and ethers), 12 %; 65-45 ppm (N-alkyl groups and complex aliphatic carbons), 22 %; and 45-0 ppm (alkyl carbon, mainly CH 2 and CH 3 ), 28 %. K + humates were applied to lettuce leaves (using a manual costal sprayer) 10 and 15 days after transplantation at concentrations equivalent to 0, 10, 15, and 20 mg C L −1
; the application rate of each solution was 500 L ha −1
. The concentrations of humates corresponded to aqueous solutions with similar concentrations of K + at pH 7.0. The applications at 10 and 15 days were visually determined by the leaf drip point.
Leaf biochemical analyses were performed 5 days after the last humate application. Photosynthetic pigments were analyzed following Plumer (1981); we homogenized 250 mg of fresh leaves in 85 % acetone, filtered the extract through Whatman® 42 filter paper, and colorimetrically determined concentrations (as μg mL −1 acetone extract) from absorbances at 470, 646, and 663 nm. Total carbohydrate contents were determined following the procedure of Tanford (1961 Nitrate reductase (NR) activity (EC:1.6.6.1) in vivo was performed (Jaworsky 1971) on foliar disks cut from the most recently completely expanded leaves. Fresh tissues were incubated at 30°C for 1 h. Aliquots were obtained during incubation, and the reaction was terminated with sulfanylamide and N-naftiletilendiamida (NNDA). Absorbance was measured at 540 nm for NO 2 − determination. A standard curve was constructed using Na 2 NO 2 (Sigma) as a standard solution, and NR activity was expressed as millimoles of NO 2 − per hour per gram of fresh mass. The activity of phenylalanine ammonia lyase (PAL) (EC:4.3.1.5) was determined according to Schiavon et al. (2010) , with a few modifications, as follows: 0.5 g of foliar fresh tissues was homogenized in an ice bath with acetone followed by addition of 2 mL of borate buffer (0.1 mol L −1 H 3 BO 3 and 0.1 mol L −1 Na 2 B 4 O 7 10 H 2 O), giving a final pH of 8.8. One milliliter aliquots of extract were combined with 0.9 mL of L-phenylalanine and incubated at 40°C for 30 min. We then added 250 μL of 5 mol L −1 HCL and inserted the tubes in an ice bath for 30 min. After this time, we added 5 mL of H 2 O and allowed the mixture to stand for 15 min. The suspension was filtered; we then read absorbances at 290 nm. Cinamic acid (Sigma) was used for the standard curve, and PAL Data were analyzed as a randomized block design with three replications of each treatment. Each replicate comprised 20 leaves collected for biochemical measurements. We used Origin software to test the significance of the regression analyses.
Results and discussion
There was a remarkable decrease in the duration of the lettuce production cycle when humates were applied as a foliar spray (Fig. 3a) with dose-dependence matched to the best performance. Thus, for plants treated with a humate dose of 15 mg
, the period between transplant and harvest was shortened in 21 days. The period between transplant and harvest was slightly more protracted (6±0.5 days) for plants treated with lowest and highest humate doses (10 and 20 mg C L −1 , respectively), but all humate doses tested reduced time to harvest in comparison with control plants. In addition, humate application increased leaf number per plant (Fig. 3b) . The humate effect on lettuce growth promotion had corollary benefits, such as increased yields (higher number of leaves), better appearance of leaves (a positive impact when selling directly to consumers) and better space utilization, which may be a key factor in urban agriculture design.
Morphological responses to humate application were associated with physiological responses. Total chlorophyll content and carotenoid pigments were not modified by humate application (Fig. 4a) , whereas previous tests with humic substances have demonstrated either increases or decreases in contents of leaf pigments in response to treatments, suggesting influences , the number of leaves produced was ∼28 % higher than in controls of age, plant species, sources, and concentrations of humic materials on plant responses. However, the relationship between leaf pigment concentration and plant production is neither simple nor linear (Šesták 1966) . Nevertheless, the intensity of green pigmentation in market lettuces is not relevant for commercial success, and since we found no effects of humate application on pigmentation, application of humate fertilizer is unlikely to detract from marketability. Total carbohydrate content decreased in leaves treated with humic substances (Fig. 4b) , indicating that treatments changed source-sink relationship in the lettuces. The relocation of fixed carbon (as reduced sugars) to the root system and its subsequent incorporation into structural macromolecules like proteins to meet the demands of accelerated plant growth may provide a partial explanation for decreases in total carbohydrate content in lettuce leaves (in agreement with Fig. 3) . Pizzeghello et al. (2001) found increased variability in invertase activity stimulation among plants treated with different humic substances. This enzyme is associated with sugar metabolism, and its activity increased by 14 to 190 % in comparison with control plants not treated with humic substances. Canellas et al. (2013) detected a 62 % reduction in the free carbohydrate content of maize plants treated with humates in comparison with untreated controls; the responses to treatment included decreases in glucose and fructose content. Humic substances modulate carbon and nitrogen metabolism by increasing the activity of enzymes involved in glycolysis, the Krebs cycle, and N assimilation (Nardi et al. 2007 ). Nardi et al. (2009) reported that humic substances may inhibit the activity of glucokinase, phosphoglucose isomerase, aldolase, and pyruvate kinase (enzymes that are involved in glucose metabolism) and demonstrated that the effect of humic substances on the activities of enzymes related to the glycolysis pathway in maize seedlings may be stimulatory or inhibitory, depending on the concentration and chemical characteristics of the humic materials.
Total protein content also increased in leaves we treated with humates (Fig. 5a) ; the relationship between protein content and humic concentration was best described by a quadratic regression. Generally, when humates were applied at lower concentrations, plant responded by increasing protein content and reducing carbohydrate content (Fig. 4b) . Canellas et al. (2013) and others works (Nardi et al. 2009 and references therein) have also reported a stimulation in protein content following application of humic substances. Since nitrate content and enzymes linked to N assimilation were also stimulated by our treatments (Fig. 5b, c) , it is possible that the reduction in total carbohydrate content is explained by the use of these metabolites as sources of energy and structural carbon to sustain growth and enhance N metabolism.
Nitrate uptake by roots may be favored by the enhancement of root systems or elevated active transport. Furthermore, NO 3 − uptake requires energy, and anion transport is performed by proton simport (2H + :NO 3 − ) (Glass et al. 1992) . Proton transport induction to the apoplast has been demonstrated in maize seedlings by Canellas et al. (2002) and in lettuce by Rodda et al. (2006) . Quaggiotti et al. (2004) detected enhanced nitrate uptake in seedlings treated with humic substances in addition to induction of expression in Zm Nr2.1., which is a gene family that encodes high-affinity NO 3 − transporters. Although we performed no direct measures of nitrate transporters, nitrate uptake and elevated induction of NR activity allow us to conclude that a more efficient N-NO 3 − acquisition operated in plants treated with humates at a concentration of 15 mg L −1
. Canellas et al. (2013) also determined that soluble humates at concentrations of 10 and 20 mg C L −1 stimulate NR activity by 52 and 18 %, respectively, in comparison with control maize plants. Nitrate reductase is generally induced by the substrate's presence, and since NO 3 − content was elevated in our humate treatments (Fig. 5b, c) , we believe that nitrate reductase was also enhanced.
We noted a low incidence of disease during the lettuce growing stages. The healthy appearance of leaves treated with humates was correlated with significant changes in secondary metabolism. The phenylalanine ammonia lyase activity of leaves is plotted in Fig. 5d . Elevated PAL activity was induced by humates at a concentration of 15 mg C L −1 . This effect was correlated with measures of highest total protein contents in plants subjected to this treatment, suggesting that there was metabolic synthesis of this enzyme precursor. Erytrose-4-P and phosphoenolpyruvic acid are precursors for a sequence of reactions leading to synthesis of shikimic acid and their derivates (phenylalanine, tryptophan, and tyrosine). The lowest content of carbohydrates in plants treated with humates ( Fig. 4b) may be, at least in part, associated with the biosynthesis of secondary compounds. Phenylalanine ammonia lyase (EC 4.3.1.5) is located at the point branch between primary and secondary metabolism, and its reaction catalyzes an important step in the regulation of phenolic compound synthesis, which is an important chemical strategy in plant defense responses against herbivores (Saldana et al. 2007) . It is possible that some of the compounds present in the complex and heterogeneous assemblage that humates form in solution may act as elicitors and inducers of phenylalanine ammonia lyase activity. Schiavon et al. (2010) were the first to report that humic substances may modulate secondary metabolism by regulation of PAL expression.
The main effect of humic substances on plant growth is increased root formation (Nardi et al. 2009 ); foliar application brings benefits to the production of crops such as olives, wheat, tomato, papaya, maize, creeping bentgrass, etc. (Femández-Escobar et al. 1996; Cooper et al. 1998; Delfine et al. 2005; Zaller 2006; Yildirim 2007; Karakurt et al. 2009; Cavalcante et al. 2011; Canellas et al. 2013) . The responses in growth and yield have been attributed to a number of mechanisms that include enhancement of chlorophyll content, ribulose 1-5, biphosphate carboxylase activity, stomatal conductance, accumulation of macro-and micronutrients in leaves, changes in carbohydrates metabolism, and suppression of some diseases. For example, Tejada et al. (2008) demonstrated enhanced fruit production and tomato quality when liquid leaches from vermicompost were applied as foliar sprays and showed that best responses were obtained with highest contents of humic substances in the leachate. They attribute these responses to increases in the uptake of N, P, and K and increases in chlorophyll concentration. Similar results on growth, yield, and quality of strawberry were obtained by Singh et al. (2010) following foliar application of vermicompost leachates rich in soluble humic substances. We did not detect changes in the pigment content of lettuce leaves in response to treatments but noted a marked effect on enzymes linked to N assimilation, carbohydrates metabolism, and plant defense responses. There is a time lag between organic fertilizer application and nutrient availability to plants because the fertilizer must be mineralized before nutrients are taken up by plant roots. Our foliar application of humates derived from vermicompost activated leaf metabolism and accelerated the development of plants by shortening the production cycle without reducing the commercial quality of the plants. This combination of responses will be especially important for urban agriculture where space is a limiting factor. Another important response that we observed following foliar application of humates was the stimulation of phenylalanine ammonia lyase activities in leaves.
Studies on vermicomposts have demonstrated that the product is a well-stabilized, esthetically pleasing, finely divided peat-like material with excellent structure, porosity, aeration, drainage, enhanced moisture holding capacity, and a capability for enhancing plant growth (Ali et al. 2007 ). According to Warman and AngLopez (2010) , the enhancement of plant growth by mature vermicompost may not only be a nutritional response but may also result from the content of biologically active plant growth-influencing substances (Arancon et al. 2004; Aguiar et al. 2013) .
Importantly, we have demonstrated that the application of soluble humic substances as a foliar spray suspension of and protein contents in leaves increased. Phenylalanine ammonia lyase activity has been previously linked to plant defense responses, demonstrating an important link between the humate response and disease control mixed, heterogeneous, and small organic molecules is appropriate for the practice of urban organic farming. The fundamentals of agroecology include the maintenance of high levels of biodiversity in diversified agricultural systems; this ensures resiliency and robustness against pests and diseases. Nutrient cycling and the provision of organic matter as a slow release source of plant nutrients are also fundamental to the practice of this form of organic farming. The urban environment is radically different from natural agrosystems, and production is based on an organic principle that requires rapid plant adaptation. Traditional knowledge of peasants is another mainstay of the agroecological concept. Insertion of urban agriculture into this context is not a simple issue, and there remains many items for critical discussion. According Altieri et al. (2012) , Cuba's achievements in urban agriculture have grown to truly remarkable proportions: 383,000 urban farmers cultivate more than 50,000 ha of otherwise unused land and produce around 4 million tons of vegetables annually, enough to supply 40-60 % or more of all the fresh vegetables in cities such as Havana, Villa Clara, and Guines. This program is an important contributor toward food security and independence from external nutrient sources. Our present understanding shows that the combination of new scientific knowledge, preexisting information on molecular and cellular processes, and the design of plant biostimulator products based on humic substances isolated from recycled sources of organic matter will likely function as an important technological tool in the consolidation of urban production.
Conclusion
Foliar application of soluble humates isolated from vermicompost promoted organic lettuce yields. Changes in lettuce metabolism occurred in plants treated with humates, including decreased total carbohydrate content, increased total protein content in leaves, and induction of nitrate reductase and phenylalanine ammonia lyase activity, which in combination accelerated the production cycle. Thus, we have described one mechanism of plant promotion using soluble humic substances; the procedures we used will likely represent an important technological component of improved urban agriculture.
